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Nuclear Magnetic Resonance experiments were used to study the relationship between the structural
type (continental or archipelago) and aggregation properties of three different asphaltenes (asph_A,
asph_B and asph_C). Diffusion-ordered NMR spectroscopy (DOSY) was applied to investigate the diffu-
sion coefﬁcients. The self-diffusion of the asphaltene aggregates was investigated in the concentration
range of 0.01–10% of each asphaltene in deuterated toluene. Data obtained from 1H and 13C NMR indicate
that asph_B has a predominantly continental type of structure. This contributes to different properties of
aggregation. DOSY shows the presence of three aggregates, with three different diffusion coefﬁcients,
called nanoaggregate, microaggregate and macroaggregate.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Oil is a complex mixture of organic molecules, mainly com-
posed of carbon and hydrogen atoms. For its potential energy to
be used to the maximum extent, it must be processed and con-
verted conveniently for the purpose of obtaining the greatest pos-
sible quantity of good quality products, and thus greater
commercial value. Achieving this goal, with the lowest operational
costs, is the basic guideline of reﬁning [1].
The concern for the lack of light, heavy and extra heavy oils
have stirred great interest in the petroleum industry. The main
problem when processing heavy and extra heavy oils lies in the
deposition of organic compounds. Among the groups of com-
pounds that undergo deposition during processing, reﬁning and
transportation, the asphaltenes are highlighted as the most impor-
tant. Asphaltenes are classiﬁed by their solubility and comprise a
very large set of organic compounds which are insoluble in organicsolvents such as pentane (C5) and heptane (C7), and soluble in sol-
vents such as benzene, toluene and pyridine [2].
Asphaltenes are composed of molecules of high molecular
weight which contain polycondensed aromatic rings with aliphatic
chains attached to them. Usually, they also contain heteroatoms
such as oxygen, nitrogen and sulfur, and some metals such as
nickel and vanadium can also be observed. These metals can
be complexed into porphyrin structures that poison catalysts
in the hydroprocessing process, for example [3]. At low concentra-
tions, the asphaltenes form nanoaggregates increase the size
as they increase concentration, as much as to ﬂocculate and
precipitate [4].
To avoid precipitation during the processing of oil and so as to
minimize the harm caused by asphaltenes, it is necessary to under-
stand the behavior and structure of this class of compounds [4].
Despite the fact that it has been studied for decades, all the prop-
erties of asphaltenes have been object of debate. Even with all the
research done on this topic, information such as molecular weight,
size, shape and structural data are not yet clearly established. Sev-
eral techniques have been applied in the study of asphaltenes such
as: size exclusion chromatography (SEC) [5–7], mass spectrometry
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tron scattering (SANS) [10,11], scanning electron microscopy
(SEM) [12] and Nuclear Magnetic Resonance (NMR) [13].
In recent decades, NMR has been widely used as a tool in the
study of petroleum and its derivatives [14]. Obtaining 1H and 13C
NMR spectra allows the direct determination of a series of struc-
tural parameters such as the fraction of aromatic carbons, carbon
bounded to an alkyl chain and their respective percentage of sub-
stitution in this system [15]. The development of new NMR tech-
niques, such as diffusion ordered spectroscopy (DOSY) [16] based
on the sequence of pulsed ﬁeld gradient (PFG) [17,18], has been
shown to be an excellent tool in the elucidation of complex
mixtures.
The DOSY experiment results in a two-dimensional spectrum
(2D), where one of the axes is present in the chemical shift compo-
nent which belongs to the mix and, in another dimension, molec-
ular diffusion of a given compound that comprises the mixture
[17,18]. The DOSY technique has been employed in the study of
mixtures [19], polymers [20], in the study of protein [21] and in
drug delivery [22]. The diffusion coefﬁcient extracted from the
two-dimensional DOSY spectrum gives us important information
about the size and state of aggregation of asphaltenes [23]. Durand
et al. use the DOSY technique in the study of asphaltenes from
three different sources and different behaviors are observed for
the three asphaltenes depending on their chemical composition,
which result in two states of aggregation, called nanoaggregate
and macroaggregate [23].
The present paper is a study on the physical and chemical
behavior of three asphaltenes obtained from oils extracted from
Brazilian wells with DOSY NMR technique. With this aim, asphalt-
enes were diluted in various concentrations in deuterated toluene
and spectra were correlated with their respective states of aggrega-
tion. The diffusion properties were highly dependent on the con-
centration and type of oil used for the generation of asphaltenes.2. Experimental section
2.1. Extraction of asphaltenes
The three different samples of asphaltenes were obtained from
crude petroleum by precipitation with n-heptane (30 mL/g of oil),
washed in a soxlhet system using the same solvent. The crude pre-
cipitated was ﬁltered and solubilized in toluene. After solubiliza-
tion, the solution was evaporated to obtain the asphaltene,
according to ASTM 6560-00. Asphaltene extraction and quantiﬁca-
tion were carried out in triplicate.Table 1
Detailed characterization of oils used for asphaltenes extraction.
Property Oil_A Oil_B Oil_C Oil_D
API 17.3 22.0 13.5 29.0
Density 20 C (g cm3) 0.9469 0.9180 0.9721 0.8779
Viscosity at 20 C (mm2 s1) 2406.1 196.04 82163 59.795
Viscosity at 40 C (mm2 s1) 519.39 62.332 7384.2 21.427
Viscosity at 50 C (mm2 s1) 279.14 34.496 2827.3 15.107
Average content of asphaltene (wt.%) 2.23 0.41 7.63 –a
a Values below the detection limit of the method.2.2. 1H and 13C nuclear magnetic resonance
The 1H and 13C NMR spectra of asphaltenes were performed on
a Varian VNMRS 400 spectrometer, operating at 9.4 T, using a
5 mm BroadBand 1H/X/D NMR probe. The 1H NMR experiments
were performed at 25 C, using 20 mg of asphaltene diluted in
0.6 mL of a solution of 50 mM of Cr(acac)3 in deuterated chloro-
form. Tetramethylsilane (TMS) was used to reference the chemical
shifts. A spectral width of 6410.3 Hz with a relaxation delay of 1.5 s
and 512 scans were accumulated, with a pulse ﬂip angle of 90
(12.7 ms). For the 13C NMR, the same solution used in the 1H
NMR experiments was employed, with a spectral width of
25510.2 Hz, a relaxation delay of 15 s and 20,000 scans, with a
pulse ﬂip angle of 90 (9.5 ms). The decoupler mode was set to in-
verted gated to avoid the nuclear Overhauser enhancement effect
(NOE).
The NMR spectra of the three asphaltenes were separated in
speciﬁc chemical shift regions by the type atoms (aromatic andaliphatic) and the integration of the signals provided comparable
information about the molecular structural parameters. Those
parameters allowed us to correlate the asphaltene structure with
its aggregation properties.
2.3. DOSY NMR
For the DOSY experiments, a wide range of concentrations
(0.01–10%) were prepared, using deuterated toluene (99.5% D) as
solvent. The experiments were performed on a Varian 400 MHz
spectrometer, equipped with a 5 mm BroadBand 1H/X/D probe,
generating an 18 G cm1 ﬁeld strength.
The Doneshot sequence was employed to measure the self-Dif-
fusion of the aggregates, using 25 linear steps from 0 to 18 G cm1.
The gradients were calibrated according to the manufacturer, using
the HOD/D2O (99%) standard solution at 25 C. In the Doneshot se-
quence, the gradient pulse duration (d) ranged between 1.5 and
3 ms and the diffusion delay (D) varied between 0.05 and 0.45 s.
The spectra were acquired at 25 C with a relaxation delay of
30 s and pulse duration of 12.7 ls (90).
3. Results and discussion
3.1. Sample characterization
For this study, four oils obtained from four different oil wells
were employed, namely oil_A, oil_B, oil_C and oil_D. Table 1 shows
properties of these oils such as viscosity and density. Table 1 also
shows the average content of asphaltene, obtained from ASTM
6560-00 standard procedure. The term average was employed be-
cause the extraction of asphaltene from oil was done in triplicate.
In Table 1 one can notice that the asphaltene content increases
with the decrease of API of the origin oil. This is due to the fact
that oils with less API are those with higher density and, conse-
quently, more polar fraction in its constitution. Asphaltenes are
known to represent the most polar parts of oil. Thus, for oils with
lower API (heavier), we expect to obtain greater amount of
asphaltenes.
3.2. Chemical composition
Table 2 shows the chemical composition of each asphaltene,
called asph_A, asph_B and asph_C obtained respectively from oil-
s_A, B and C. In the elemental analysis of Table 2, we can see that
the relationship between the three different asphaltenes is very
similar regarding contents of hydrogen and nitrogen. However,
the carbon, oxygen and sulfur content is smaller in asph_C. An-
other important point to be mentioned is the quantities of Ni
and V metals in the samples. One can see an increase in the asphal-
tene nickel content as we move from the light oil to the heavy one.
The inverse relationship could be observed for vanadium, which is
present in higher amount in the asphaltene obtained from the
lighter oil. The amount of heteroatoms and metals described has
been taken into account in the study of asphaltenes, once these
Table 2
Chemical composition of asphaltenes.
Element analysis Value
asph_A asph_B asph_C
Carbon (wt.%) 79.34 ± 0.44 79.33 ± 0.93 88.37 ± 0.90
Hydrogen (wt.%) 7.52 ± 0.52 7.97 ± 0.30 7.83 ± 0.55
Nitrogen (wt.%) 1.87 ± 0.06 1.89 ± 0.06 1.60 ± 0.03
Oxygen (wt.%) 2.52 ± 0.28 4.19 ± 0.46 1.35 ± 0.22
Sulfur (wt.%) 8.75 ± 0.74 6.63 ± 1.08 0.86 ± 1.08
C/H 0.88 0.83 0.94
Total heteroatoms (wt.%) 13.14 12.70 3.80
Nickel (ppm) 106.27 ± 5.23 67.58 ± 5.85 185.06 ± 6.15
Vanadium (ppm) 199.48 ± 5.94 234.75 ± 26.09 43.55 ± 10.80
Table 3
1H NMR Data for the three asphaltenes studied [15].
Chemical shifts
region (ppm)
Assignment Molar (%)
asph_A asph_B asph_C
Har 6.0–9.0 Total aromatic hydrogens 22.3 7.6 23.4
Halk 0.0–4.0 Total aliphatic hydrogens 77.7 92.4 76.6
Hc 0.5–1.0 Hydrogen in terminal or
isolated CH3 and CH3 in
position c or more to
aromatic rings
16.2 22.6 16.3
Hb 1.0–2.0 Naphthenic hydrogens (CH
and CH2) + CH and CH2 in
parafﬁnic
chains + hydrogens b to
aromatic rings and CH2 c or
more to aromatic rings
40.4 57.9 37.7
Ha 2.0–4.0 Hydrogens a to aromatic
rings
21.1 11.9 22.6
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tween the asphaltenes leading to the aggregation process [13].
Table 2 shows that the C/H ratios for the three asphaltenes in-
creases from asph_B obtained from the lighter oil (0.83) to asph_C,
obtained from the heavier oil (0.94). Generally, one can say that the
greater the C/H, the greater the density of the original oil. [23].
3.3. 1H and 13C NMR
NMR spectra of the samples studied give information about
how carbons and hydrogens are arranged in the asphaltene mole-
cules. A simple and very useful example is the use of integration of
speciﬁc regions of the spectrum to determine the degree of aroma-
ticity. For this, the aromatic carbon region (160–110 ppm) was
integrated and related to the total carbons in the spectra (aromat-
ics + aliphatics (0–70 ppm)). The same was done for the hydrogen
spectra (1H NMR), where the ranges used for integration were from
9.0 to 6.0 ppm for aromatic and from 4.0 to 0.0 ppm for aliphatic
hydrogens. Table 3 compares several ranges of chemical shiftsTable 4
13CNMR Data for the three asphaltenes studied [15].
Chemical shifts region (ppm) Assignment
Calk 0–70 Total Aliphatic carbons
Car 110–160 Total Aromatic carbons
Car-H Calculated from Ha and C/H Protonated aromatic ca
Car-Me Calculated from the Ha–Me and C/H Aromatic carbons subs
Car-alk 137.5–160 Alkyl substituted (exce
Car-J Car-H + Car-Me + Car-alk Peripheral aromatic ca
Car-b Car–Car-J Aromatic carbons at brintegrated from the 1H spectra, which correspond to certain types
of hydrogen in the molecule, for the three asphaltenes studied.
This correlation is important since two different structures are
considered for the asphaltenes, one in which the aromatic rings
are fused or condensed, presenting lateral chains called continental
type asphaltene. The second structural type is given by a reduced
number of fused rings that are linked together by carbon chains,
usually containing ether and thioether bridges. The interaction be-
tween these two structural types of asphaltenes is quite different,
where the asphaltenes containing a continental-type structure are
added via interaction between the cloud of electrons p of the aro-
matic rings, known as pp stacking. For asphaltenes that have an
archipelago-like structure, the interaction between p clouds is not
energetically favored, and thus the interactions in this case are
governed by hydrogen bonding [23,24].
Table 3 shows that the comparison of total percentage of aro-
matic hydrogens between the three asphaltenes reveals an impor-
tant piece of information. The value of 7.1% obtained for asph_B
against the 21.0% and 21.7%, obtained for asph_A and asph_C,
respectively, indicates that asph_B has a much more condensed
aromatic continental-like structure than the others. From 13C
NMR spectra, no signiﬁcant variation on total aromatic carbon
was observed.
Although, according to Hasan et al. [15], the percentage of aro-
matic carbons at bridgehead could be obtained from the difference
between the total aromatic carbons (Car) and the sum of the aro-
matic carbons linked to hydrogen (Car-H), alkyl (Car-alk) and methyl
groups (Car-Me). For the asph_A and asph_C the total aromatic car-
bons at bridgehead values are 25.7% and 24.1%, respectively. For
asph_B, this value is 42.4%, indicating that this asphaltene presents
a greater amount of condensed/fused aromatic rings already
clearly shown by the low percentage of aromatic hydrogens for this
sample (Table 3). From data shown in Tables 3 and 4 it is clear that
asph_B presents mostly a continental-type structure.3.4. Dosy
The 1H NMR DOSY experiments are directly related to the diffu-
sion coefﬁcients of a sample, giving information about the size and
intermolecular interactions in the system studied. We can there-
fore study the interactions between solute–solvent and solute–sol-
ute, and get information about the state of aggregation of
asphaltenes. For this purpose, a series of DOSY experiments were
performed on of solutions of the asphaltenes in deuterated toluene
with concentrations ranging from 0.01% to 10% by mass.
Fig. 1 shows the proﬁle of diffusion of the three asphaltenes ob-
tained in a concentration of 8% mass in toluene-d8. In general, it is
possible to observe three different aggregates for the asphaltenes
in this concentration which are which we called nanoaggregates,
microaggregates and macroaggregates, respectively, in increasing
order of size. Durand et al. observed the formation of two types
of aggregates (nanoaggregates and macroaggregates) studying
Maya, Athabasca and Busurgan oils [23].Molar (%)
asph_A asph_B asph_C
34.1 37.9 42.2
65.9 62.1 57.8
rbons 25.3 9.2 24.9
tituted by methyl groups 16.6 15.7 15.2
pt methyl) aromatic carbons 10.8 9.8 9.5
rbons 52.7 34.7 49.6
idgehead 13.2 27.4 8.2
Fig. 1. Self-difusion coefﬁcients of the asphaltene aggregates at 8% mass in toluene-
d8.
Fig. 2. 1H DOSY NMR spectrum of asph_A (8% mass in toluene-d8 solution).
Fig. 3. 1H DOSY NMR spectrum of asph_B (8% mass in toluene-d8 solution).
Fig. 4. 1H DOSY NMR spectrum of asph_C (8% mass in toluene-d8 solution).
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cro and macroaggregate nomenclature were used to correlate the
peaks for the same asphaltene solution. The correlation between
aggregation of the different asphaltenes can be only qualitative
as aggregation also depends on intermolecular interactions. Thus,
in an 8% mass solution, the macroaggregates of asph_B present a
much lower diffusion coefﬁcient than the same species in asph_A
and asph_C. The macroaggregates in asph_A have the same diffu-
sion coefﬁcient of microaggregates in asph_B solution.
In the two-dimensional DOSY spectra the chemical shifts are
given in one of the axes while the other provides the diffusion
coefﬁcient of the species involved in the study. Figs. 2–4 showthe DOSY spectra of the three asphaltenes studied in the concen-
tration of 8% in deuterated toluene. Fig. 2 shows the sample asph_A
and it is possible to observe signals relating to chemical shifts of
toluene with a diffusion coefﬁcient of about 16  1010 m2 s1. In
this spectrum, it can also be noted that signals of nanoaggregates
and microaggregates species do not have good separation, as better
observed in Fig. 1. At this concentration one can observe the forma-
tion of aggregates that do not separate by diffusion, called nanoag-
gregate and microaggregate and a second signal, with smaller
diffusion coefﬁcient, called macroaggregate. The macroaggregate
species has lower diffusion coefﬁcient, once the larger the size
the greater the difﬁculty for spreading. At the DOSY spectra of
asph_B and asph_C (Figs. 3 and 4), the separation between the
nano, micro and macroaggregates is more clear and can be directly
observed in the 2D spectra.
In Figs. 2–4, the diffusion coefﬁcient of toluene is different for
each sample studied. This conﬁrms the fact that the diffusion coef-
ﬁcient is dependent not only on the concentration, but also on the
shape, composition and temperature of the mixture studied. Thus,
three graphs are presented in Figs. 5–7 below showing correlations
between the relative diffusion coefﬁcient (Dasphaltene/Dtoluene) with-
in the range of concentration studied for the samples.
Fig. 5 shows the formation of nanoaggregates and microaggre-
gates for asph_A in more diluted solutions. The formation of mac-
roaggregates occurs only at concentrations higher than 1%, when
the interaction between clusters becomes greater than the interac-
tion between the solute–solvent then, larger aggregates (macroag-
gregates) can be observed. In Fig. 6, the formation of
macroaggregates begins to be observed at a concentration of
Fig. 5. Relative diffusion of asph_A as a function of concentration.
Fig. 6. Relative diffusion of asph_B as a function of concentration.
Fig. 7. Relative diffusion of asph_C as a function of concentration.
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bly due to the continental type of this asphaltene. It is important to
note that asphaltene B is obtained from a lighter oil, with smaller
asphaltene content. However, it was exactly for this sample that
the formation of larger aggregates was observed in lower concen-
trations. This observation conﬁrms that the precipitation of
asphaltenes is related not only to the type of oil but also to its com-
position and the structural composition of the asphaltenes present
in the oil.
In Fig. 7 we can see that for asphaltenes C (asph_C) the macro-
aggregates are formed from a concentration of 1.0% in toluene-d8,
resembling the behavior of asph_A. Both the asph_A and asph_C
were obtained from heavier oils than the oil B. An important fact
to highlight is that the asphaltenes obtained from oil B did not have
solubility higher than 8% in toluene, indicating a high stability of
aggregation. This high stability is justiﬁed by the type of interac-
tion between aggregates given by pp stacking of the continental
type aromatic system of this, asphaltene sample.
A very important fact presented in this paper is given by the
appearance of an intermediate state of aggregation between nano-
aggregates and macroaggregate states. If the interaction between
the archipelago and the continental models is not favored becauseof the intermolecular interactions for each different model, we can
predict that this intermediate aggregate here called microaggre-
gate, is a form of intermediate aggregation between aggregates
with the larger and the smaller chain.4. Conclusion
Three different asphaltenes obtained from three different off-
shore Brazilian oils were studied. The measurements of chemical
composition indicate that as the density of the oil increases, thus
reducing its API, the C/H ratio and the Ni content increase,
decreasing the vanadium content in the sample. The spectra of
1H and 13C NMR indicate important molecular parameters that
help relate with the structural models of asphaltenes obtained
for this study. Asph_A and asph_C have around 21% aromatic
hydrogens, asph_B contains only 7%, indicating that this asphalten-
e has a highly condensed aromatic molecule, which suggests a con-
tinental-type structure for this sample.
The DOSY NMR experiments provided important information
about the type of interaction between clusters related to their com-
position. For asphaltenes asph_A and asph_C, the formation of
macroaggregates occurs only from a concentration of 1% or above,
whereas for asph_B one can observe macroaggregates since the
concentration of 0.1% solution in toluene. This can be expected be-
cause of the so called p–p stacking interaction, which occurs when
the structure of the asphaltene is more likely of continental type.
For the archipelago model, this interaction is not favorable because
of the number of side chains and the also smaller amount of fused
aromatic rings.
It is worth highlighting the rise of an intermediary state be-
tween the nanoaggregate and macroaggregate states called micro-
aggregate in this study. This intermediary state may be composed
of an intermediate number of asphaltene molecules, thereby form-
ing a middle structure between the higher (macroaggregate) and
lower molecular size (nanoaggregate).
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